Abstract
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where k is a constant that depends on the Earth's radius, surface gravity ac-117 celeration, and average mantle density, ν 0 is a reference value for viscosity 118 (Forte & Peltier, 1991 ) and the integration is carried out over the entire depth 119 of the mantle. The multilayer approximation is employed, in which the vis-120 cosity is assumed to be constant within each layer and discontinuous at the 121 layer boundaries; it should be noted that only the depth variation of relative 122 viscosity ν/ν 0 is needed to compute the geoid kernels.
123
We scale ρ anomalies from shear-velocity (v S ) ones, 
125
where the scaling factor ζ is defined by 126 ζ(r) = δ ln ρ(r, θ, φ) δ ln v S (r, θ, φ) .
yet well understood. A solution to this problem is to use a density model 160 derived from a seismic-geodynamic inversion which implicitly includes both 161 thermal and compositional effects on buoyancy (Simmons et al., 2007) . 
Evolutionary algorithms

163
In this study we conduct a number of inversions based on different tomographic 164 models and different values of the ratio between density and seismic velocity, 165 and carry out a comparative evaluation of the resulting viscosity profiles. Ow-166 ing to the above factors, and to nonlinearity (geoid kernels depend on viscosity 167 itself), the problem of finding viscosity profiles from geophysical observables 168 does not have a unique solution. We attempt to account for non-uniqueness in 
172
The first EAs, or optimization algorithms based on ideas from evolutionary 173 theory, were conceived and implemented by Reichenberg (1973 represents an improvement in that it takes advantage of the increased power 177 of modern calculators to explore in more detail the solution space. In par-178 ticular, we have been able to quantify the resolution limit of gravity data,
179
finding that no more than 5 independent parameters (uniform layers) describ-
180
ing viscosity can be reliably constrained. In addition, a systematic test of the 181 setting parameters of our EA lead to the conclusion that while the choice of a 182 population of 100 individuals is appropriate for this problem, the number of 183 generations over which King (1995) based his analysis is not sufficient to grant 184 the stability of the solution; Figure 1 shows that after 100 generations the fit 185 of the solution model to the data may still be improving: we thus increased 186 the number of generations from 100 to 500.
187
EAs use the idea of "survival of the fittest", to perform an iterative, multi- 
232
We define an initial population, consisting of 100 randomly generated viscosity 233 profiles. In most of our runs of the EA, convergence is achieved after roughly 
239
We set the total number of generations to 500, corresponding to 50, 000 for- 
275
We randomly generate an 'input' profile of mantle viscosity, and use our mantle for 60 independent synthetic tests, is a measure of the accuracy and resolution 280 of our method. We conducted 10 synthetic tests with 2-layer viscosity models,
281
10 with 4-layer models, and so on with 6-, 8-, 10-and 12-layer models. degrees ≤ 8, consistently with our decomposition of the tomographic models.
293
We use the EA, as described above, to identify the best-fitting 5-layer model 294 of relative changes in mantle viscosity, and, again, scale tomography model
295
S20RTS to define an a-priori density map.
296
We first explore the influence of the population size, the number of generations 
309
We invert, again, gravity anomalies from GRACE starting from v S model
310
S20RTS and assuming a density-to-velocity scaling as in Figure 8b (solid line).
311
We repeat the experiment varying the number of constant-viscosity layers from atively low viscosity at depths corresponding to the mantle transition zone.
315
Concerning the fitness to the data, the gravity anomalies computed in five out 316 of the six cases reduce the variance of about 45 to 50%. Conversely, we found 317 no 2-layer model that reduces the variance at all. We infer that at least two 318 viscosity discontinuities in the mantle are required to explain the gravity data 319 in consideration, and 2-layer models can be rejected a-priori.
320
We run the EA with several different parameterizations, characterized by the 321 same total number (5), but different depth ranges, of uniform viscosity layers.
322
We show the results in Figure 6 . with the observed gravity field, and are described by a linear combination of 383 degree-2, -4, and -6 spherical harmonics.
384
We convert v S anomalies to ρ heterogeneities using various scaling factors ( well, we infer that this feature is robust.
404
Our approach is contingent on the simplistic assumption that velocity and 
Assumptions on the scaling factor
418
Since the choice of the velocity-to-density scaling factor may impart a bias to 
432
We then attempt to account for the difference between sub-continental and 
462
In Figure 12 we compare the best viscosity profiles found via EA on the basis of 
526
The dynamic topography at the CMB is not directly observable from surface rather than 0.5 km as determined in the earlier study by Gwinn et al. (1986) .
532
The values of δb 
552
The found softening of transition zone minerals could be related to various and thus the rheology of rocks (Karato, 1998) . Since viscous deformation is a 576 macroscopic form of creep depending on the presence of defects in the lattice 577 structure, and since water increases the number of defects within a crystal, it 578 enhances diffusion rates and this should decrease viscosity.
579
(ii) The possible role of the dilution of pyroxenes into garnets (the major phase pointed out by Sammis & Dein (1974) , that consists in a dramatic reduc-592 tion in effective viscosity observed during a phase transition in materials like 593 metals and ceramics (Poirier, 1985; Maehara & Langdon, 1990; Meike, 1993 Table 1 Predicted excess CMB topography (km) obtained from some v S and ρ models Fig. 1 . Example of the performance of the EA evolving from generation 1 to 500 (a). Empty and filled circles represent the variance reduction (%) of the best-fitting model and the average fitness of the population, for each generation. The decrease in mean variance reduction at 10-20 generations corresponds to an adjustment of the mutation-rate parameter defined in Section 2.2. Fit of best model as a function of generation number (b) after 100 generations. Fig. 2 . After choosing velocity-to-density scaling relationship and tomographic model, we seek the mantle viscosity profile corresponding to the best fit of GRACE gravity data. Density anomalies and gravity data are related through sensitivity kernels, whose form in turn depends on the viscosity profile. . Best-fitting mantle viscosity models resulting from inversions of GRACE free-air gravity anomalies and v S models S20RTS with different number of layers n. Only relative variations can be inferred from these models. Fig. 6 . Best-fitting mantle viscosity models resulting from inversions of GRACE free-air gravity anomalies and v S model S20RTS, with same number of layers and different depths of viscosity discontinuities. Only relative variations can be inferred from these models. The fitness of gravity anomalies computed from these viscosity profiles to the data is displayed above each panel. (Karato and Karki, 2001) . Frame (c) shows average viscosity derived using different velocity-to-sensity scaling factors for suboceanic mantle (dotted line) and subcontinental mantle (dashed line). Gray intervals represent the standard deviation of models with fit better than a given threshold. 
